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Bioenergetic and predictive species distribution modelling 
approaches are extensively relied upon in non-indigenous 
species risk assessments (Chen et al. 2007; Herborg et al. 
2007; Lohmeyer and Garvey 2009; Cooke and Hill 2010). 
Nevertheless, a thorough understanding of the physiological 
and ecological parameters defining a species’ fundamental 
niche (Hutchinson 1978) is required for accurate risk 
assessments (Soberón and Peterson 2005; Kulhanek et al. 
2011; Cooke 2016). Species unrestrained by abiotic and 
biotic factors that define their realised native range niche 
(Grinnellian niche; Grinnell 1917) often display phenotypic 
plasticity, which enables them to establish in novel environ-
ments (Soberón and Peterson 2005). Combining informa-
tion on dietary plasticity with measures of physiological 
tolerances, in both the native and invaded range of the 
species, can increase the accuracy of predictive modelling 
approaches (Cooke 2016). 
Silver carp Hypophthalmichthys molitrix (Valenciennes, 
1844) are native to eastern Asia, but have become 
an invasive species of global importance, after being 
introduced worldwide for aquaculture (Kolar et al. 2007; 
Gozlan et al. 2010). Although H. molitrix can persist in 
lotic environments (Kolar et al. 2007), they are incapable 
of maintaining self-sustained feral populations in isolated 
reservoirs without continuous stocking, as observed in 
other impoundments (Spataru and Gophen 1985; Kamilov 
2014; Gophen and Snovsky 2015). Their specialist planktiv-
orous diet further suggests that they are incapable of 
persisting in environments with low algal biomass, such as 
the Laurentian Great Lakes of North America (Kolar et al. 
2007; Cooke and Hill 2010). Nevertheless, the possibility 
that they might invade the mesooligotrophic Great Lakes 
region (chlorophyll a c. 3 µg l−1) (Carrick 2005; Calkins et al. 
2012; Kocovsky et al. 2012), resulted in the implementation 
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of a range of expensive control measures to prevent them 
spreading from adjacent river catchments (Rasmussen 
et al. 2011). However, more information regarding their 
life-history traits in other invaded ranges is required before 
their invasive potential can be ascertained (Coulter et al. 
2013, reviewed in Cooke 2016).
Hypophthalmichthys molitrix was imported into South 
Africa in 1975 for the experimental control of phytoplankton 
and was subsequently released into the oligotrophic 
Flag Boshielo Dam (FBD) in the 1990s (Prinsloo and 
Schoonbee 1987; Brits 2009). Eradication attempts 
removed c. 15 000 individuals from the FBD in 1990 (Brits 
2009), but the population became feral and its distribution 
range has since expanded downstream to include river 
systems in the Kruger National Park (Brits 2009; Lübcker 
et al. 2014). The invasion into FBD did not follow a typical 
lag phase before establishing (Brits 2009; Gozlan et al. 
2010), emphasising that oligotrophic impoundments with 
limited access to large rivers are potentially suitable for 
their establishment. 
The recruitment success of H. molitrix is associated with 
access to long (>80–100 km) free-flowing rivers with a 
suitable hydrology (Kolar et al. 2007; Kocovsky et al. 2012), 
although differences in spawning requirements (phenotypic 
plasticity) between their native and invaded ranges have 
recently been observed in several studies (Kocovsky et 
al. 2012; Coulter et al. 2013; Deters et al. 2013, reviewed 
in Cooke 2016). Nevertheless, H. molitrix developed an 
atypical, persistent and reproducing population in the FBD, 
an oligotrophic impoundment in South Africa (Brits 2009; 
Lübcker et al. 2014), with limited access to rivers consid-
ered suitable for spawning (Figure 1). The latter might 
indicate a level of phenotypic plasticity that is not consid-
ered in earlier modelling approaches (Cooke 2016). 
Hypophthalmichthys molitrix have been observed to spawn 
at the confluence of the Elands and Olifants River in the 
FBD (Brits 2009) (Figure 1) and this represents one of the 
few cases where H. molitrix has been observed to spawn in 
small and short rivers (see also Aliev 1976 and Coulter et 
al. 2013). The Olifants River (c. 83 km in length) is the main 
river flowing into the FBD and access for H. molitrix from 
the dam to the river is limited by a weir located c. 6.6 km 
upstream of the dam mouth (Brits 2009). Similarly, on the 
Elands River, another inflow river of the FBD, H. molitrix 
can only access approximately 5.6 km of the river channel. 
It is possible that H. molitrix might not spawn annually in 
the FBD, as was also noted in the Illinois River, USA (Irons 
et al. 2007; Hayer et al. 2014), but their persistence in the 
FBD for more than 24 years demonstrates their resilience.
Hypophthalmichthys molitrix are well suited for biologi cal 
control of phytoplankton, but have been implicated as 
drivers of adverse ecological impacts in recipient ecosys-
tems (Spataru and Gophen 1985; Irons et al. 2007; 
Sampson et al. 2009). Although initially described as a 
specialist phytoplankton filter feeder in their native range 
(Kolar et al. 2007), studies conducted in invaded ranges 
have described H. molitrix as an opportunistic, generalist 
filter feeder with a diet consisting of phytoplankton, 
zooplankton, bacteria and detritus (Bitterlich 1985; Spataru 
and Gophen 1985; Lu et al. 2002; Kolar et al. 2007; 
Sampson et al. 2009; Calkins et al. 2012). High-density 
H. molitrix populations reportedly mediate changes in the 
zooplankton, phytoplankton and fish community structure, 
initiating a decrease in the abundance of indigenous fish 
species despite having limited dietary overlap (e.g. Spataru 
and Gophen 1985; Irons et al. 2007). 
The economic and ecological impacts associated with 
H. molitrix invasions rank them as one of the worst aquatic 
pests in the world (Fowler et al. 2007). Most studies of 
H. molitrix, however, focused on their trophic ecology and 
persistence in large eutrophic rivers (Kolar et al. 2007). 
To our knowledge, no studies have documented their diet 
and self-sustaining persistence in an oligotrophic impound-
ment. The effects of an H. molitrix invasion are potentially 
more detrimental for impoundments with a low standing 
algal biomass, because of their efficiency of straining large 
amounts of phytoplankton (Cooke and Hill 2010), potential 
dietary plasticity and potential to obtain high population 
densities (Kolar et al. 2007; Sass et al. 2010). 
The primary aim of the current study was to describe 
the trophic ecology of H. molitrix within the foodweb of an 
oligotrophic impoundment, using stomach content and 
stable isotope analysis. We compared the diet of H. molitrix 
to that of an indigenous fish species, Mozambique tilapia 
Oreochromis mossambicus (Peters, 1852), on a seasonal 
basis. The approach adopted was similar to that of Bitterlich 
(1985) and we assessed the dietary overlap between a fish 
species without a true stomach (H. molitrix) and a species 
with a true stomach (O. mossambicus). Oreochromis 
mossambicus represent a major component of the fish 
fauna of the FBD and their dietary niche is likely to overlap 
with H. molitrix (Bitterlich 1985; Dabrowski et al. 2014a). 
In addition, we compared the trophic niche of H. molitrix 
with other indigenous species sampled once-off during 
summer to identify potential species that H. molitrix might 
compete with. The current study is the first to describe the 
dietary niche, persistence and trophic interrelationships of 
H. molitrix in an oligotrophic impoundment. 
Materials and methods
Study site 
Flag Boshielo Dam is a non-natural impoundment situated 
at the confluence of the Olifants and Elands rivers, 
Mpumalanga province, South Africa (Figure 1), with a 
catchment area of 23 555 km2 (DWAF 2005). Its mean 
depth is 8.6 m (maximum 33 m), with a surface area of 
1 288 ha, stretching 26 km from the dam mouth to the 
dam wall (DWAF 2005). The mean annual water inflow 
(2006–2012) is 28.51 × 106 m3 (average discharge 0.9 m3 
s−1) from the Elands River and 218.46 × 106 m3 (7.0 m3 
s−1) from the Olifants River, with a mean water retention 
time of 4.9 months (Dabrowski et al. 2014b). The Olifants 
River is considered perennial, but it often recedes to a 
series of fragmented pools, because of overabstraction of 
water for agriculture and periodic droughts experienced in 
the catchment, as a result of the arid to semi-arid regional 
climate (Botha 2010). A detailed description of the study site 
is given in Dabrowski et al. (2014b) and Brits (2009). 
Physical and chemical water quality analysis
Water quality samples were collected every two months at 
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four sites in the dam between April and December 2011, 
detailed in Dabrowski et al. (2014b). We provide a summary 
of water quality parameters relevant to the persistence of 
H. molitrix, which include pH, dissolved oxygen, electrical 
conductivity, suspended chlorophyll a, Secchi disc depth 
and water temperature.
The Flag Boshielo Dam had an alkaline pH ranging from 
7.4 to 9.4, with low chlorophyll a concentrations (Table 
1). The median suspended chlorophyll a concentration 
measured during the year across all four sites was 0.08 µg 
l−1. Autumn had the lowest measured suspended chloro-
phyll a (median = 0.04 µg l−1) with winter suspended chloro-
phyll a (median = 0.16 µg l−1) levels being marginally higher 
(in absolute terms) than spring (median = 0.08 µg l−1). 
The maximum suspended chlorophyll a (0.60 µg l−1) was 
measured at the inflow of the Olifants River during summer 
(median = 0.44 µg l−1, range = 0.11–0.60 µg l−1). The 
median inorganic nitrogen and phosphorus concentrations 
were close to instrument detection limit, classifying the FBD 
as oligotrophic in line with published guidelines (DWAF 
2002). No incidents of algal blooms were observed or 
reported during the study period. The relatively low median 
Secchi disc value of 62 cm measured, in combination with 
the low suspended chlorophyll a values, indicates non-algal 
water turbidity, with the water clarity being reduced by other 
factors. The fine suspended particles could not be filtered 
out with 3-µm filters and the total suspended solids (median 
5.68 mg l−1 from 2006 to 2011) suggested that the turbidity 
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Figure 1: Location of Flag Boshielo Dam (24°47′ S, 29°25′ E), in the Olifants River system, South Africa. The Olifants River is the main 
tributary of the Flag Boshielo Dam, stretching c. 83 km from the dam wall of the upstream impoundment, Loskop Dam, to the confluence of 
the FBD. The river length and channel width of the two main tributaries accessible to Hypophthalmichthys molitrix for spawning are indicated
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did not result from minerals or organic material. This was 
supported by the low levels of dissolved organic carbon 
(median 8 mg l−1; Dabrowski et al. 2014b). 
Fish sample collection
Sampling took place once every two months between 
April and December 2011 (n = 4 sampling occasions). We 
collected a minimum of 20 H. molitrix and 20 O. mossam-
bicus specimens per sampling trip (Table 2). Three 25 m 
long multifilament gillnets with stretched-mesh sizes of 70, 
90 and 130 mm were set during daylight, as described in 
Dabrowski et al. (2014a). A hook and line were predomi-
nantly used to collect H. molitrix, because they occur in 
high densities in the FBD. Hypophthalmichthys molitrix 
occurs throughout the FBD and specimens were collected 
opportunistically; however, the highest concentrations 
occurred at the confluence and mouth of the Olifants River 
(Figure 1). 
Only specimens with a total length of >200 mm were 
collected, so as to reduce variation associated with ontoge-
netic dietary shifts. After collection, fish were weighed (W in 
g) and their standard length (SL in cm) was recorded. A fish 
condition factor (CF) was calculated according to Beckman 
(1942) using the equation CF = W × 105 × SL3, following 
Spataru and Gophen (1985). The calculated Fulton’s 
condition factor (Carlander 1950) and length–weight 
relationship (Froese and Pauly 2012) is detailed elsewhere 
(Online Resource A), provided to enable comparison with 
other studies that used different body condition indices. 
Stomach content analysis
The foregut of H. molitrix, extending from the proximal end 
of the intestine to the middle of the first loop, was preserved 
in 5% formaldehyde for 24 h prior to storage in 75% ethanol. 
This portion of the gut is approximately one twelfth of the 
total length of the intestine and dietary items recovered here 
are relatively undigested (Xie 1999). Each foregut sample 
was divided into three subsamples and the proportional 
volumetric contribution of each dietary item was determined 
within each of the three subsamples. This was achieved by 
evenly spreading each subsample of the stomach contents 
in a Sedgwick–Rafter counting cell chamber after dilution 
with 100 ml distilled water per gram of sample (Hyslop 1980). 
Samples were examined under a compound microscope 
(Carl Zeiss, Germany) at 1 250× magnification and the 
dietary items classified to class, according to Thorp and 
Covich (2001) and van Vuuren et al. (2006). 
Here we report the mean proportional contribution of 
each dietary item averaged for the three subsamples to 
ensure that the total contribution of each dietary item to the 
entire foregut was accurately represented. The identified 
dietary items were divided into eight categories: vegetative 
detritus, diatoms (Bacillariophyceae), benthic dinoflagel-
lates (Dinophyceae), cyanobacteria (Cyanophyceae), green 
algae (Chlorophyceae), euglenoids, sediment and uniden-
tifiable material. Unidentifiable material and sediment were 
included to prevent overestimations of the proportional 
contribution of other dietary items present in the stomachs. 
The proportion of empty stomachs was also recorded. 
Benthic diatoms, such as Fragilaria ulna, form part of the 
class Bacillariophyceae, but were recorded separately if 
detected in the stomach contents. The ingestion of benthic 
diatoms by pelagic, filter-feeding H. molitrix can be consid-
ered indicative of sporadic benthic niche exploitation, likely 
to occur when food resources are limited.
A modified Costello method (Amundsen et al. 1996, 
modified from Costello 1990) was used to calculate the 
contribution of each dietary item identified in the stomach 
content analysis, for each season. This index uses the 
frequency of occurrence and prey-specific abundance 
of each prey type to give a two-dimensional representa-
tion of prey importance (dominant to rare) and feeding 
strategy (specialist to generalist) (Amundsen et al. 1996). 
The prey-specific abundance was calculated based on the 
sum of the stomach proportions that contained a particular 
prey type, divided by the total number of stomachs that 
contained the specific prey item (Amundsen et al. 1996). 
This differs from the standard proportional contribution 
calculation, which divides the sum of the contribution of a 
particular prey type by the entire stomach contents (sum 
to 100% requirement). The prey-specific abundances 
are expressed as a fraction, rather than as a percentage 
following Amundsen et al. (1996) and the product of the 
frequency of occurrence and prey-specific abundance 
equals the proportional contribution of specific prey type 
(detailed in Online Resource B). Proportional data were 
arcsine-transformed prior to statistical analysis using statis-
tical software package R (R Development Core Team 
2013). A Bray–Curtis similarity matrix with a 4th root 
transformation was constructed using PRIMER statistical 
package version 6 (Clarke and Gorley 2006) and a one-way 
analysis of similarity (ANOSIM) was performed to test for 
dietary differences between species and seasons (Global 
R). An R-value close to 1 indicates strong differences in the 
diet, whereas a value close to 0 indicates diet similarity.
Stable isotope analysis
Approximately 5 g of white caudal muscle was dissected 
from each specimen and frozen before analysis. Samples 
were degreased with 1:2 chloroform:ethanol solution to 
remove lipids (Logan et al. 2008), oven-dried overnight at 
70 °C, then homogenised. The carbon:nitrogen (C:N) mass 
ratios met the requirements for successful lipid extraction 
(C:N mass ratio of c. 3.5; Post et al. 2007) and additional 
lipid corrections were unnecessary. Aliquots of each sample 
were weighed (0.8–0.9 mg) into tin capsules, precleaned in 
Parameter Median Min. Max.
pH 8.96 7.38 9.42
Dissolved oxygen (mg l−1) 10.02 7.04 14.20
Electrical conductivity (µS cm−1) 403 177 576
Temperature (°C) 27.2 18.1 31.8
Secchi depth (cm) 62 41 85
Inorganic nitrogen (mg l−1) 0.11 0.11 0.52
Inorganic phosphorus (mg l−1) 0.06 0.01 0.08
Suspended chlorophyll a (µg l−1) 0.08 0.01 0.60
Table 1: Summarised water quality parameters in Flag Boshielo 
Dam in 2011 across four seasons (n = 16) (Dabrowski et al. 2014b). 
Underlined, censored values replaced at 0.55 times instrument 
detection limit
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Toluene, prior to combustion at 1 020 °C in an elemental 
analyser (Flash EA, 1112 Series, Thermo™, Thermo 
Fisher Scientific, Bremen, Germany). The carbon (δ13C) 
and nitrogen (δ15N) isotope ratios (expressed in delta [δ]
notation) were determined using a continuous-flow isotope 
ratio mass spectrometer (CFIRMS, Delta V Plus, Thermo 
Fisher, Bremen, Germany). Results were reported relative 
to the standards Vienna Pee Dee Belemnite (VPDB) for 
carbon and atmospheric air (Air) for nitrogen and isotope 
ratios were expressed as parts per thousand (‰) (Coplen 
1994). Duplicate samples, with an in-house standard and 
blank interspersed after every 10 samples, were analysed 
to ensure reproducibility. The reproducibility of both δ13C 
and δ15N were <0.2‰. 
The samples required to delineate the foodweb structure 
in the FBD were collected once off during the austral 
summer, from 6 to 8 December 2011. Samples were 
collected inshore at the mouth of the Olifants River, the 
confluence (Figure 1), as well as in the main basin close to 
the dam wall on rock, sand and plant substrates, depending 
on availability of dietary items, which included (i) inverte-
brates (Chironomidae n = 40, Gomphidae n = 8) and 
Naucoridae n = 27), (ii) 11 fish species (n = 148 samples) 
(summarised in Online Resource C, Table S3), (iii) fish 
fry of various species (n = 21), (iv) Pleuroceridae (opercu-
late snails; n = 20), (v) Potamonautidae (crabs; n = 4), and 
(vi) Atyidae (freshwater shrimps; n = 5). Vegetative detritus, 
sediment organic matter (i.e. organic components present in 
the sediment sample), filamentous algae and invertebrates 
were collected by hand. The vegetative detritus consisted 
of dead organic material originating predominantly from 
plant origins. Smaller or rare specimens of various fish 
species were collected using a 1-mm mesh seine-net and 
an ‘electrofisher’ (SAMUS 725MP), in addition to sampling 
with gill nets (all species listed in Online Resource C, Table 
S3). Attempts to integrate water column phytoplankton and 
zooplankton samples by vertically dragging a phytoplankton 
net with a 20-µm mesh from the bottom up and straining 
10-ml subsamples at the confluence, the mouth of the 
Olifants River, the main basin and close to the dam wall 
(Figure 1) yielded insufficient material to obtain an isotopic 
measurement. 
The inability to secure phytoplankton and zooplankton 
during the sampling for this research is not the result of 
insufficient effort. Subsequent to this, there have been 
two additional efforts to sample phytoplankton by towing 
a phytoplankton net behind a boat. One of these efforts 
involved a 1.2 m diameter phytoplankton net with a 20-µm 
mesh towed for roughly 1 km but it nonetheless yielded 
insufficient material to measure (<0.1 mg wet weight). 
Failure to obtain any phytoplankton samples reaffirms the 
low algal productivity of the FBD and subsequent intensi-
fied attempts to sample phytoplankton in the FBD were 
also unsuccessful. The sample pretreatment protocol for 
baseline samples was the same as that described for the 
fish muscle samples, except that carbonates were removed 
from all prey samples using 1% HCl solution and rinsed in 
distilled water (Jacob et al. 2005). 
There were no apparent site-related differences in 
the isotopic signature of the sampled baseline items, 
or between H. molitrix collected from various sites. The 
data were therefore not analysed per site, but pooled for 
the analyses. Furthermore, H. molitrix can travel up to 
64 km d−1, depending on river flow and other variables 
(DeGrandchamp et al. 2008), but they usually travel approx-
imately 0.2–10.6 km d−1 when feeding (DeGrandchamp et 
al. 2008). We therefore assumed that the H. molitrix would 
integrate any variation in the isotopic signature of the same 
prey at different locations during the 2–3 month period 
represented by the sampled muscle tissue.
For all analyses, we assessed normality using a Shapiro–
Wilk normality test, whereas an F-test was used to compare 
the variances between variables, before applying an 
appropriate parametric test, namely an analysis of variance 
(ANOVA), followed by a Tukey’s post hoc comparison, or 
non-parametric Kruskal–Wallis χ2 test, followed by a post 
hoc pairwise Wilcoxon rank-sum non-parametric test. 
Values are presented as the mean ± one standard deviation 
(SD) where applicable and significance was assumed at 
p < 0.05. A Welch two-sample t-test was used to assess 
the overall inter-specific differences in the isotopic ratios of 
the two species The statistical software package, Stable 
Isotope Analysis in R (SIAR v. 4.2) (Parnell et al. 2010) 
was used to construct a Bayesian isotopic mixing model to 
examine the proportional contribution of dietary sources to 
the isotopic signature of each species. The 25%, 75% and 
95% Bayesian credibility intervals (analogue of confidence 
intervals) of the contribution of the different food sources 
were obtained by a Markov Chain Monte Carlo simulation, 
using a Dirichlet distribution, in the SIAR package (Parnell 
Species Season n % empty Weight (g) SL (cm) CF
H. molitrix Autumn 20 15 441.7 ± 130.4 29.3 ± 4.3 1.80 ± 0.51
Winter 23 49 466.3 ± 178.8 34.0 ± 3.6 1.14 ± 0.15
Spring 22 5 175.5 ± 18.6 27.4 ± 3.1 0.88 ± 0.20
Summer 22 5 500.5 ± 217.9 32.2 ± 4.2 1.46 ± 0.15
Total/Mean 87 23 395.8 ± 201.6 30.8 ± 4.6 1.30 ± 0.44
O. mossambicus Autumn 21 19 845.1 ± 420.4 27.5 ± 5.5 3.74 ± 0.50
Winter 20 20 906.6 ± 312.8 29.8 ± 4.3 3.37 ± 0.48
Spring 20 20 662.8 ± 252.3 26.6 ± 4.6 3.46 ± 0.57
Summer 20 50 342.3 ± 283.5 22.6 ± 9.8 3.88 ± 0.34
 Total/Mean 81 27 659.8 ± 392.2 30.1 ± 8.9 3.61 ± 0.51
Table 2: Sample summary, measurements and condition factor (CF) of Hypophthalmichthys molitrix and Oreochromis mossambicus collected 
in Flag Boshielo Dam during 2011 (mean ± SD). SL = standard length (cm); n = sample size; % empty = percentage of empty stomachs 
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et al. 2010). The trophic discrimination factors used were 
3.4‰ ± 1.0‰ (mean ± SD) for δ15N and 0.4‰ ± 1.0‰ for 
δ13C (Post 2002) and the model was parameterised based 
on the main ingested dietary sources. The standard ellipse 
area (SEAc), which represents the core isotopic niche (40% 
of the data) of each fish population, was used to estimate 
the degree of isotopic overlap among fish species (Jackson 
et al. 2011). The size of the isotopic niche widths was 
determined using the Stable Isotope Bayesian Ellipses 
package (SIBER) in R (Jackson et al. 2011) and statistical 
comparisons were performed in the Bayesian modelling 
framework after performing 106 posterior draws, detailed in 
Jackson et al. (2011).
The relative trophic level (TL) occupied by consumers was 
determined relative to the baseline of the FBD, following 
the method of Rogowski et al. (2009), which is required to 
allow comparison between H. molitrix sampled from different 
sites and between similar systems (Rogowski et al. 2009). 
Isotrophic lines in isotopic space have been defined for the 
Olifants River system (Woodborne et al. 2012) and similar to 
Rogowski et al. (2009), we utilised a primary consumer (TL = 
2) (Pleuroceridae, operculate snails) in the current study to 
guide the interpretation of the FBD trophic structure based 
on a 3.4‰ δ15N trophic discrimination factor. Statistical 
analyses were performed using the statistical software 
package R (R Development Core Team 2013). 
Results
Stomach content analysis
A total of 168 specimens, comprised of 87 H. molitrix and 
81 O. mossambicus, were collected in the FBD between 
April and December 2011 (Table 2). The stomach contents 
of H. molitrix consisted primarily of sediment (mean = 
49.8% ± 30.4%), unidentifiable material (mean = 25.2% ± 
29.5%), vegetative detritus (mean = 11.0% ± 21.4%), 
diatoms (Bacillariophyceae; mean = 5.7% ± 13.8%) and 
benthic dinoflagellates (Dinophyceae; mean = 5.7% ± 
13.0%), based on the proportional contribution (n = 67 
stomachs containing prey). Green algae (Chlorophyceae; 
mean = 2.4% ± 5.5%), cyanobacteria (Cyanophyceae; 
mean = 0.1% ± 0.6%) and other flagellates (euglenoids; 
mean = 0.04% ± 0.3%) were also detected, albeit in low 
quantities (detailed in Online Resource B, Table S2). The 
observed prey-specific abundance and frequency of food 
items differed seasonally (Global R = 0.7, p < 0.001). In 
autumn, large proportions of diatoms (mean = 34.0%), 
vegetative detritus (mean = 31.7%) and sediments (mean = 
20.8%) occurred in most stomachs. Green algae (mean = 
4.2%), euglenoids and cyanobacteria occurred in lower 
proportions and lower frequencies during autumn (Figure 2). 
Autumn had the highest prey richness (eight prey 
categories), whereas winter and spring had the lowest 
number of prey categories (four) observed in the stomachs 
of H. molitrix. In winter, unidentified material contributed 
the largest proportion of ingested dietary items (mean = 
78.8%), relative to sediments (mean = 21.9%) and vegeta-
tive detritus (mean = 3.3%). In spring, sediments occurred 
in most stomachs at higher proportions (mean = 66.7%) 
than unidentified material (mean = 20.9%), vegeta-
tive detritus (mean = 11.2%) and green algae, which 
occurred in 62% (mean) of stomachs, although mostly 
in low quantities (mean = 2.0%). In summer, the number 
of identified prey categories increased to five, which 
included Bacillariophyceae, sediment, unidentified material 
and Chlorophyceae. The prey-specific contribution of 
Bacillariophyceae was 3.4% (Figure 2) and the presence 
of the benthic diatom F. ulna was noted. However, 
sediments still comprised the main component of ingested 
food items (mean = 80.2%). The CF of H. molitrix differed 
significantly with season (ANOVA: F2,84 = 3.80, n = 87, p < 
0.001), with a minimum in spring (CF = 0.9) and maximum 
in autumn (CF = 1.8) (Table 2), which was significantly 
higher than all the other seasons (p < 0.001) (detailed in 
Online Resource A).
The stomach contents of O. mossambicus consisted 
primarily of sediments in terms of prey-specific abundance 
(mean = 76.1%) and frequency (100% of stomachs) 
throughout the year (Figure 2, n = 59 stomachs containing 
prey). The prey-specific proportion and frequency of 
occurrence of the other food items, however, differed 
seasonally (Global R = 0.53, p < 0.001). In autumn, vegeta-
tive detritus had a high frequency of occurrence (94% of 
stomachs), but occurred in low proportions (mean = 8.2%). 
In winter, sediment occurred in all the analysed stomachs, 
contributing 87.3% (mean) of the stomach contents. 
Vegetative detritus occurred in most of the stomachs 
(mean = 56%) in low proportions (mean = 7.6%), in contrast 
to unidentified material that occurred at lower frequency 
(19% of stomachs), but higher proportions (mean = 34.7%) 
during winter. In spring, there was an increase in the 
frequency of occurrence of vegetative detritus, green algae, 
diatoms and unidentified materials, but they each occurred 
in low (<20%) proportions (Figure 2). The proportional contri-
bution of sediment to their diets was 72% (mean) during 
spring. In summer, the proportion of sediment (mean = 
58.3%), unidentified materials (mean = 22.7%), vegeta-
tive detritus (mean = 14.1%) and diatoms (mean = 3.4%) 
remained relatively similar to the other seasons, but green 
algae occurred (frequency) in fewer stomachs (mean = 20%) 
relative to spring (mean = 88%). Diatoms occurred in 50% 
(mean) of the stomachs, but in low proportions (mean = 
3.4%) during summer, consisting predominantly of F. ulna. 
Stable isotope analysis
Significant seasonal shifts in δ15N (Kruskal–Wallis χ2 = 
25.2, df = 3, p < 0.001) and δ13C (Kruskal–Wallis χ2 = 17.6, 
df = 3, p < 0.001) were observed for H. molitrix (Figure 3). 
A pairwise post hoc Wilcoxon rank-sum test indicated 
that δ15N in autumn was significantly lower than in spring, 
summer and winter (p < 0.01) (Table 3). The mean δ13C in 
spring was significantly depleted when compared to autumn 
and winter (p < 0.01), but it was not significantly different 
from summer (p = 0.15). The isotopic niche width (SEAc) 
of H. molitrix was significantly larger during summer and 
autumn than in winter and spring (p < 0.05), compared in 
the Bayesian framework (Table 3). 
Significant seasonal shifts in δ15N (Kruskal–Wallis χ2 = 
16.7, df = 3, p < 0.001) and δ13C (Kruskal–Wallis χ2 = 15.8, 
df = 3, p < 0.01) values were also observed for O. mossam-
bicus. The δ15N values were significantly lower in autumn 
than all the other seasons (p < 0.01), except summer (p = 
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0.55), whereas δ13C was significantly higher in summer 
relative to the other seasons (p < 0.05) (Table 3). The 
SEAc of O. mossambicus also differed across seasons, 
being significantly larger in autumn than in the other three 
seasons (Figure 3).
Hypophthalmichthys molitrix and O. mossambicus had 
similar mean δ15N values (14.0‰ ± 0.6‰ and 13.7‰ ± 
1.1‰, respectively) (Welch two-sample t-test: t = 0.1, df = 
165.031, p = 0.919), but the mean δ13C values were signifi-
cantly (Welch two-sample t-test: t = 16.0, df = 143.3, p < 
0.001) more depleted in O. mossambicus (−25.5‰ ± 2.8‰) 
than in H. molitrix (−21.3‰ ± 2.1‰) (Table 3). No isotopic 
niche overlap occurred between the two species across all 
four seasons (Figure 3). The isotopic niche width (SEAc) of 
H. molitrix was significantly larger than that of O. mossam-
bicus across all seasons (p < 0.001). The Bayesian mixing 
model (SIAR) yielded significantly enriched δ15N values 
relative to the food sources for both species (Figure 4). 
The enrichment factor for algae was +6.5‰, +7.9‰ for 
sediment organic matter (SOM) and +10.8‰ for vegetative 
detritus relative to δ15N values of H. molitrix. Similarly, the 
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Figure 2: Seasonal differences in the diet of Hypophthalmichthys molitrix (left) and Oreochromis mossambicus (right), sampled in 
Flag Boshielo Dam during 2011. The stomach contents analysis, expressed as prey-specific abundance and frequency of occurrence, 
demonstrates the contribution of each dietary source to their feeding strategies
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vegetative detritus +8.9‰ was also high relative to δ15N 
values of O. mossambicus. This is indicative of underdeter-
mined models, but proceeding with this caveat, it indicated 
that the diet of H. molitrix was largely composed of green 
algae (55.6%) and sediment organic matter (43.0%), with 
minimal contribution of vegetative detritus (1.4%) (Online 
Resource B, Figure S1). The diet of O. mossambicus 
consisted of vegetative detritus (71.6%) and sediment 
organic material (25.2%), with minimal contribution of algae 
(9.8%). 
With the exception of Atyidae, which occupied a TL of 
2.7, the assemblage of invertebrates occupied the TL 
range 1.2 to 2.2. The fishes in the analysis occupied a TL 
ranging from 2.2 (Labeo rosae) to 3.1 (Tilapia sparrmanii). 
The SEAc of species overlapping >40% with H. molitrix 
during summer included: redeye labeo Labeo cylindricus 
(60% overlap), banded tilapia T. sparrmanii (46% overlap), 
threespot barb Enteromius trimaculatus (46% overlap) 
and silver robber Micralestes acutidens (42% overlap), 
(Figure 5) (Online Resource C, Table S3). The mean C:N 
mass of the lipid-extracted fish was 3.4 ± 0.16. 
Discussion
Sediment organic matter and detritus were the most 
abundant food items identified in the stomach contents of 
H. molitrix, whereas algae and sediment organic matter 
were identified as the main dietary components by the 
mixing model. Hypophthalmichthys molitrix in the FBD 
utilised a broad dietary niche that differed seasonally, 
indicative of a generalist filter feeder. This supports the 
notion that they are indiscriminate filter feeders (Spataru 
and Gophen 1985; Kolar et al. 2007; Sampson et al. 2009; 
Calkins et al. 2012). Nevertheless, defining their diet in the 
FBD proved challenging, the ingested (stomach contents) 
and time-averaged assimilated portion of their diet (stable 





















Figure 3: Isotope biplot with the standard ellipse area (SEAc) indicating the isotopic niche width of Hypophthalmichthys molitrix (filled 
symbols) and Oreochromis mossambicus (open symbols) sampled in Flag Boshielo Dam during 2011
Species Season δ15N δ13C SEAc
H. molitrix Autumn 13.4 ± 0.6 −20.8 ± 1.8 2.24
Winter 14.0 ± 0.4 −20.2 ± 1.9 1.69
Spring 14.2 ± 0.3 −22.7 ± 1.7 1.59
Summer 14.2 ± 0.7 −21.6 ± 2.0 3.86
Mean 14.0 ± 0.6 −21.3 ± 2.1 3.68
O. mossambicus Autumn 13.6 ± 0.8 −26.3 ± 0.8 1.77
Winter 14.1 ± 0.4 −26.7 ± 0.7 0.86
Spring 14.3 ± 0.4 −26.2 ± 0.4 0.44
Summer 13.8 ± 0.4 −25.8 ± 0.4 0.54
Mean 13.7 ± 1.1 −25.5 ± 2.8 1.14
Table 3: Seasonal variation in δ15N and δ13C (mean ± SD) and 
isotopic niche width utilised (standard ellipse area [SEAc]) by 
Hypophthalmichthys molitrix and Oreochromis mossambicus in the 
Flag Boshielo Dam in 2011 
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mean δ15N of H. molitrix and the measured food resources 
(algae, SOM and vegetative detritus), which were directly 
observed in the stomachs of both fish species, albeit at 
low frequency, was more than one trophic level (>3.4‰) 
and more than the expected 1‰ enrichment if nutritionally 
stressed (Gaye-Siessegger et al. 2004). The δ15N discrim-
ination varied according to species, diet and nutritional 
stress (Hobson et al. 1993), but generally ranges between 
2‰ and 4‰ (Hobson et al. 1993; Vander Zanden and 
Rasmussen 2001; Post 2002). The stable isotope analysis 
therefore indicated that H. molitrix occupied a higher trophic 
level (TL = 2.8) than that expected from the diet identified 
by the stomach contents. 
In a comparable study, H. molitrix occupied a trophic level 
of c. 2.0 (Rogowski et al. 2009). The high δ15N discrimina-
tion relative to any of these food sources suggested that 
H. molitrix fed on: (a) other food items with higher δ15N 
values than the items used to train the model (i.e. missing 
prey), or (b) food items that originated from systems other 
than the FBD. This limited our ability to completely define 
the trophic ecology of H. molitrix in the FBD. Similar results 
and limitations were also evident in the dietary study of 
O. mossambicus in the same impoundment (Dabrowski et 
al. 2014a). 
The preferred food items of H. molitrix are zooplankton 
and phytoplankton (Kolar et al. 2007), which were not 
obtained in significant amounts to obtain an adequate 
isotope signature despite an extensive sampling effort. Other 
food items whose isotopic signature was not determined 
included unidentified material and benthic diatoms, such 
as F. ulna, which was directly observed in the stomachs of 
both fish species (albeit at a low frequency). The uniden-
tifiable portion of the diet represented a white, mucus-like 
substance often surrounding a fragment of plant material 
common in the stomach contents of a filter-feeding fish. 
Hypophthalmichthys molitrix are known to strain bacteria 
using mucus produced by a large suprabranchial organ 
(Opuszyński 1981; Kolar et al. 2007), which might explain 
their higher δ15N values, although the contribution of 
the photosynthetic bacteria (Cyanophyceae) was low. 
Nevertheless, the high proportion of unidentifiable material 
more likely represents a variety of lysed dietary items 
identified in the stomach contents, as opposed to some 
unknown, unidentified consumed prey group. (i.e. they 
are not ingesting some unidentifiable food component). 
Nevertheless, we acknowledge that the presence of an 
unidentifiable dietary component might have contributed to 
the discrepancy between the stomach content and stable 
isotope results, although considered unlikely. 
The other suggestion that the food items could have 
originated from systems other than the FBD is partly 
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Figure 4: Isotope biplot indicating the prey and aquatic community trophic structure in Flag Boshielo Dam, sampled during summer 2011 
(mean ± SD). Individual data points for all the sampled Hypophthalmichthys molitrix and Oreochromis mossambicus are displayed. The δ15N 
of both H. molitrix and O. mossambicus was enriched relative to the potential prey identified by the stomach content analysis. TL = trophic 
level
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aeruginosa, an algal species found upstream in the 
eutrophic Loskop Dam (Dabrowski et al. 2013), which was 
observed in several H. molitrix stomachs (<1% propor-
tional contribution of stomachs in which it occurred), but 
was never sampled in the FBD (Dabrowski et al. 2013, 
2014a, 2014b). The cyanobacteria from the Loskop Dam 
(Dabrowski et al. 2013) have an enriched δ15N signature 
(δ15N = 16.2 ± 0.1‰) compared to primary producers in the 
FBD (the current study) and if it is occasionally present in 
inflow water into the FBD, H. molitrix might be feeding on it 
and this could partially explain the elevated H. molitrix δ15N 
values relative to other food sources in the FBD. 
Earlier bioenergetics (Cooke and Hill 2010) and species 
distribution models (Chen et al. 2007; Herborg et al. 2007; 
Lohmeyer and Garvey 2009) have indicated that sufficient 
algal biomass is a prerequisite for the establishment and 
persistence of H. molitrix. For instance, a 2 400 g resting, 
non-reproducing H. molitrix requires 91 kJ d−1 to maintain 
its body mass at 20 °C (Cooke and Hill 2010). This is 
equivalent to its feeding in a system with minimum chloro-
phyll a load of 15.5 µg l−1 (Cooke and Hill 2010). The low 
standing phytoplankton biomass (maximum summer 
suspended chlorophyll a = 0.60 µg l−1) and warmer tropical 
environments in the FBD (annual median water tempera-
tures = 27 °C) imply that H. molitrix might be unable to 
meet their energetic requirements (Cooke and Hill 2010). 
Continuous filtering of large volumes of water to strain the 
sparse phytoplankton (or other food items) will be energet-
ically costly and unsustainable. It is therefore remarkable 
that H. molitrix are able to meet their energetic demands in 
the presence of such restricted algal biomass and limited 
suspended organic material in the FBD. The low condition 
factors (minimum 0.88 in spring) (Table 2) reported in 
the current study, relative to H. molitrix from other lentic 
waterbodies (minimum 1.78; Spataru and Gophen 1985), 
suggest that they might have been nutritionally stressed 
(Online Resource A). 
Both SOM and detritus were collected from the benthic 
zone, but attempts to collect sufficient suspended partic-
ulate matter were not successful, because of its very low 
abundance. However, the presence of the Dinophyceae 
and the benthic diatom F. ulna, in combination with the high 
proportion of sediments in the stomach contents, suggests 
periodic feeding in the benthic zone. Although benthic 
feeding is considered uncommon in H. molitrix, they have 
been reported to stir up bottom sediments under conditions 
of low algal biomass (Costa-Pierce 1992; Cooke 2016).
We suggest that detritus and other benthic dietary sources 
should be considered important dietary components of 
H. molitrix (also see Bitterlich 1985). Vegetative detritus 
is often an abundant food resource in tropical aquatic 
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Figure 5: Isotope biplot with the standard ellipse area (SEAc) indicating the isotopic niche width of indigenous fish species overlapping >40% 
with Hypophthalmichthys molitrix (H. mol), sampled in Flag Boshielo Dam during summer 2011. Fish species: T. spar = Tilapia sparrmanii, 
O. mos = O. mossambicus, E. trim = Enteromius trimaculatus, M. acut = Micralestes acutidens, L. cyl = Labeo cylindricus
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might have supplemented their phytoplanktivorous diet 
with detritus in the FBD, as observed in earlier studies 
(Opuszyński 1981; Bitterlich 1985; Burke et al. 1986; Kolar 
et al. 2007). The observed dietary plasticity highlights the 
oversight of excluding alternative dietary sources, such as 
detritus, in the bioenergetics model used to predict their 
invasive potential in North America (Cooke and Hill 2010). 
Nevertheless, more research is required to ascertain the 
source of the enriched δ15N food source and other dietary 
sources, such as dreissenid pseudofaeces, should also be 
considered.
The stable isotope analysis revealed that niche partitioning 
occurred between H. molitrix and O. mossambicus, despite 
their similar diets. Although both species had a high propor-
tion of sediment and detritus in their stomach contents, the 
stable isotope analysis revealed fine-scale dietary niche 
partitioning. Oreochromis mossambicus also occupied a 
higher than expected trophic position of 2.8 and δ15N values 
were also highly enriched (>double) relative to measured 
food sources. They are known generalist bottom feeders 
that consume detritus, comprised of diatoms and plant 
material (Bowen 1982). Differences in the δ13C and the 
broad dietary niche (measured as the SEAc) of H. molitrix 
indicated a euryphagous diet, consisting of a wide range 
of food sources. In contrast, the smaller niche size of 
O. mossambicus suggests a stenophagous diet, predomi-
nantly comprised of detritus (Dabrowski et al. 2014a), facili-
tating the niche partitioning between the two species.
We detected an isotopic niche overlap between H. molitrix 
and other indigenous species, such as Labeo cylindricus 
(60% overlap), sampled during summer (Figure 5). The 
isotopic overlap ranges from 0 to 1, with an overlap of >0.60 
considered biologically significant, following Guzzo et al. 
(2013). The observed overlap probably results from general 
omnivory and the exploitation of common food resources 
among the species (Figure 5). Yet, inferring direct interspe-
cific competition between co-occurring species in nature is 
difficult and more research regarding the long-term trophic 
interactions between H. molitrix and the identified species is 
required, including sampling during different seasons. 
Conclusions
The current study highlights the dietary plasticity of H. molitrix 
under environmental conditions considered suboptimal for 
their continued persistence. The opportunistic, non-selective 
filter-feeding behaviour and potential benthic scavenging 
observed in the current study might enable establishment in 
other areas with low algal biomass. Several gaps still remain 
in our understanding of the diet of H. molitrix, as well as their 
impact on the aquatic foodweb of the FBD. Future studies 
will need to sample additional food sources intensively 
at a seasonal resolution to determine the source of the 
elevated δ15N in both H. molitrix and O. mossambicus in this 
impoundment. 
Acknowledgements — This project was funded by the Olifants 
River Forum, the DST-NRF Centre of Invasion Biology, University 
of Pretoria and the National Research Foundation (NRF). Opinions 
and conclusions drawn and discussed are attributed to the authors 
and not necessarily to the NRF. We would like to express our 
gratitude to Mr André Hoffman, Mpumalanga Tourism and Parks 
Agency, and Dr James Dabrowski, CSIR, Pretoria, who assisted 
with fieldwork. Ethical clearance for the current study was obtained 
from the Animal Use and Care Committee, University of Pretoria, 
and all specimens were handled consistent with the prescribed 
ethical standards.
References
Aliev DS. 1976. The role of phytophagous fish in the reconstruction 
of commercial ichthyofauna and biological melioration of water 
reservoirs. Journal of Ichthyology 16: 216–219.
Amundsen PA, Gabler HM, Staldvik FJ. 1996. A new approach to 
graphical analysis of feeding strategy from stomach contents 
data-modification of the Costello (1990) method. Journal of Fish 
Biology 48: 607–614.
Beckman WC. 1942. Length-weight relationship, age, sex ratio and 
food habits of the smelt (Osmerus mordax) from Crystal Lake, 
Benzie County, Michigan. Copeia 1942: 120–124.
Bitterlich G. 1985. The nutrition of stomachless phytoplanktivorous 
fish in comparison with Tilapia. Hydrobiologia 121: 173–179.
Botha PJ. 2010. The distribution, conservation status and blood 
biochemistry of Nile crocodiles in the Olifants river system, 
Mpumalanga, South Africa. PhD thesis, University of Pretoria, 
South Africa.
Bowen SH, Allanson BR. 1982. Behavioral and trophic plasticity of 
juvenile Tilapia mossambica in utilisation of the unstable littoral 
habitat. Environmental Biology of Fishes 7: 375–362.
Brits DL. 2009. Distribution of the silver carp, Hypophthalmichthys 
molitrix (Valenciennes, 1844), in the Flag Boshielo Dam (Arabie 
Dam) and its potential influences on the ecology of the dam. PhD 
thesis, University of Limpopo, South Africa.
Burke JS, Bayne DR, Rea H. 1986. Impact of silver and bighead 
carps on plankton communities of channel catfish ponds. 
Aquaculture 55: 59–68.
Calkins HA, Tripp SJ, Garvey JE. 2012. Linking silver carp habitat 
selection to flow and phytoplankton in the Mississippi River. 
Biological Invasions 14: 949–958.
Carlander KD. 1950. Handbook for freshwater fishery biology. 
Dubuque, Iowa: William C Brown Company.
Carrick HJ. 2005. An under-appreciated component of biodiversity 
in plankton communities: the role of protozoa in Lake Michigan (a 
case study). Hydrobiologia 551: 17–32.
Chen P, Wiley EO, McNyset KM. 2007. Ecological niche modelling 
as a predictive tool: silver and bighead carps in North America. 
Biological Invasions 9: 43–51.
Clarke KR, Gorley RN. 2006. PRIMER v6: user manual/tutorial. 
Plymouth: PRIMER-E.
Cooke SL. 2016. Anticipating the spread and ecological effects of 
invasive bigheaded carps (Hypophthalmichthys spp.) in North 
America: a review of modeling and other predictive studies. 
Biological Invasions 18: 315–344.
Cooke SL, Hill WR. 2010. Can filter-feeding Asian carp invade the 
Laurentian Great Lakes? A bioenergetic modelling exercise. 
Freshwater Biology 55: 2138–2152.
Coplen TB. 1994. Reporting of stable hydrogen, carbon, and oxygen 
isotopic abundances. Pure and Applied Chemistry 66: 273–276.
Costa-Pierce BA. 1992. Review of the spawning requirements and 
feeding ecology of silver carp (Hypophthalmichthys molitrix) and 
reevaluation of its use in the fisheries and aquaculture. Reviews 
in Aquatic Sciences 6: 257–273.
Costello MJ. 1990. Predator feeding strategy and prey importance: 
a new graphical analysis. Journal of Fish Biology 36: 261–263.
Coulter AA, Keller D, Amberg JJ, Bailey EJ, Goforth RR. 2013. 
Phenotypic plasticity in the spawning traits of bigheaded carp 
(Hypophthalmichthys spp.) in novel ecosystems. Freshwater 
Biology 58: 1029–1037.
Lübcker, Dabrowski, Zengeya, Oberholster, Hall, Woodborne and Robertson410
Dabrowski J, Hall G, Lübcker N, Oberholster PJ, Phillips DL, 
Woodborne S. 2014a. Piscivory does not cause pansteatitis 
(yellow fat disease) in Oreochromis mossambicus from an 
African subtropical reservoir. Freshwater Biology 59: 1484–1496.
Dabrowski J, Oberholster PJ, Dabrowski JM. 2014b. Water quality 
of Flag Boshielo Dam, Olifants River, South Africa: historical 
trends and the impact of drought. Water SA 40: 345–358.
Dabrowski J, Oberholster PJ, Dabrowski JM, Le Brasseur J, 
Gieskes J. 2013. Chemical characteristics and limnology of 
Loskop Dam on the Olifants River (South Africa), in light of 
recent fish and crocodile mortalities. Water SA 39: 675–686.
DeGrandchamp KL, Garvey JE, Colombo RE. 2008. Movement 
and habitat selection by invasive Asian carps in a large river. 
Transactions of the American Fisheries Society 137: 45–56.
Deters JE, Chapman DC, McElroy B. 2013. Location and timing of 
Asian carp spawning in the Lower Missouri River. Environmental 
Biology of Fishes 96: 617–629.
DWAF (Department of Water Affairs and Forestry). 2002. National 
eutrophication monitoring programme. Implementation manual. 
South African National Water Quality Monitoring Programme 
Series. Pretoria: Department of Water Affairs and Forestry. 
DWAF (Department of Water Affairs and Forestry). 2005. Olifants 
River Water Resources Development Project. Environmental 
impact assessment: infrastructure components: water quality. 
Report P WMA 04/B50/00/3104 prepared by Claassen M. 
Pretoria: DWAF.
Fowler AJ, Lodge DM, Hsia JF. 2007. Failure of the Lacey Act to 
protect US ecosystems against animal invasions. Frontiers in 
Ecology and the Environment 5: 353–359.
Froese R, Pauly D (eds). 2012. FishBase. World Wide Web 
electronic publication, version (08/2012). Available at www.
fishbase.org [accessed 15 September 2015].
Gaye-Siessegger J, Focken U, Muetzel S, Abel H, Becker K. 2004. 
Feeding level and individual metabolic rate affect δ13C and δ15N 
values in carp: implications for food web studies. Oecologia 138: 
175–183. 
Gophen M, Snovsky G. 2015. Silver Carp (Hypophthalmichthys 
molitrix, Val. 1844) stocking in Lake Kinneret (Israel). Open 
Journal of Ecology 5: 343–351. 
Gozlan RE, Britton JR, Cowx I, Copp GH. 2010. Current knowledge 
on non-native freshwater fish introductions. Journal of Fish 
Biology 76: 751–786.
Grinnell J. 1917. Field tests of theories concerning distributional 
control. The American Naturalist 51: 115–128.
Guzzo MM, Haffner GD, Legler ND, Rush SA, Fisk AT. 2013. Fifty 
years later: trophic ecology and niche overlap of a native and 
non-indigenous fish species in the western basin of Lake Erie. 
Biological Invasions 15: 1695–1711.
Hayer C-A, Breeggemann JJ, Klumb RA, Graeb BDS, Bertrand KN. 
2014. Population characteristics of bighead and silver carp on 
the northwestern front of their North American invasion. Aquatic 
Invasions 9: 289–303.
Herborg L, Mandrak NE, Cudmore BC, MacIsaac HJ. 2007. Compar-
ative distribution and invasive risk of snakeheads (Channidae) 
and Asian carp (Cyprinidae) species in North America. Canadian 
Journal of Fisheries and Aquatic Sciences 64: 1723–1735.
Hobson KA, Alisauskas RT, Clark RG. 1993. Stable-nitrogen 
isotope enrichment in avian tissues due to fasting and nutritional 
stress: implications for isotopic analyses of diet. The Condor 95: 
388–394.
Hutchinson GE. 1978. An introduction to population ecology. New 
Haven: Yale University Press.
Hyslop EJ. 1980. Stomach contents analysis – a review of methods 
and their application. Journal of Fish Biology 17: 411–429.
Irons KS, Sass GG, McClelland MA, Stafford JD. 2007. Reduced 
condition factor of two native fish species coincident with 
invasion of non-native Asian carps in the Illinois River, U.S.A. 
Is this evidence for competition and reduced fitness? Journal of 
Fish Biology 71: 258–273.
Jackson AL, Inger R, Parnell AC, Bearhop S. 2011. Comparing 
isotopic niche widths among and within communities: SIBER – 
Stable Isotope Bayesian Ellipses in R. Journal of Animal Ecology 
80: 595–602.
Jacob U, Mintenbeck K, Brey T, Knust R, Beyer K. 2005. Stable 
isotope food web studies: a case for standardised sample 
treatment. Marine Ecology Progress Series 287: 251–253.
Kamilov BG. 2014. Age and growth of silver carp (Hypophthalmichthys 
molitrix val.) in Tudakul reservoir, Uzbekistan. Croatian Journal 
of Fisheries 72: 12–16.
Kocovsky PM, Chapman DC, McKenna JE. 2012. Thermal and 
hydrologic suitability of Lake Erie and its major tributaries for 
spawning of Asian carps. Journal of Great Lakes Research 38: 
159–166.
Kolar CS, Chapman DC, Courtenay JWR, Housel CM, Williams 
JD, Jennings DP. 2007. Bigheaded carps: a biological synopsis 
and environmental risk assessment. Special Publication 33. 
Bethesda: American Fisheries Society.
Kulhanek ST, Ricciardi A, Leung B. 2011. Is invasion history a 
useful tool for predicting the impacts of the world’s worst aquatic 
invasive species? Ecological Applications 21: 189–202.
Logan JM, Jardine TD, Miller TJ, Bunn SE, Cunjak RA, Lutcavage 
ME. 2008. Lipid corrections in carbon and nitrogen stable isotope 
analyses: comparison of chemical extraction and modelling 
methods. Journal of Animal Ecology 77: 838–846.
Lohmeyer AM, Garvey JE. 2009. Placing the North American 
invasion of Asian carp in a spatially explicit context. Biological 
Invasions 11: 905–916.
Lu M, Xie P, Tang H, Shao Z, Xie L. 2002. Experimental study of 
trophic cascade effect of silver carp (Hypophthalmichthys molitrix) 
in a subtropical lake, Lake Donghu: on plankton community and 
underlying mechanisms of changes of a crustacean community. 
Hydrobiologia 487: 19–31.
Lübcker N, Zengeya TA, Dabrowski J, Robertson MP. 2014. 
Predicting the potential distribution of invasive silver carp 
Hypophthalmichthys molitrix in South Africa. African Journal of 
Aquatic Science 39: 157–165.
Opuszyński K. 1981. Comparison of the usefulness of the silver 
carp and the bighead carp as additional fish in carp ponds. 
Aquaculture 25: 223–233.
Parnell AC, Inger R, Bearhop S, Jackson AL. 2010. Source 
partitioning using stable isotopes: coping with too much variation. 
PLoS ONE 5: e9672. 
Post DM. 2002. Using stable isotopes to estimate trophic position: 
models, methods, and assumptions. Ecology 83: 703–718.
Post DM, Layman CA, Arrington DA, Takimoto G, Quattrochi J, 
Montaña CG. 2007. Getting to the fat of the matter: models, 
methods and assumptions for dealing with lipids in stable isotope 
analyses. Oecologia 152: 179–189.
Prinsloo JF, Schoonbee HJ. 1987. Investigations into the feasibility of 
a duck–fish–vegetable integrated agriculture–aquaculture system 
for developing areas in South Africa. Water SA 13: 109–118.
R Development Core Team. 2013. R: a language and environment 
for statistical computing. Vienna: R Foundation for Statistical 
Computing. 
Rasmussen JL, Regier HA, Sparks RE, Taylor WW. 2011. Dividing 
the waters: the case for hydrologic separation of the North 
American Great Lakes and Mississippi River Basins. Journal of 
Great Lakes Research 37: 588–592.
Rogowski DL, Soucek DJ, Levengood JM, Johnson SR, Chick 
JH, Dettmers JM, Pegg MA, Epifanio JM. 2009. Contaminant 
concentrations in Asian carps, invasive species in the Mississippi 
and Illinois Rivers. Environmental Monitoring and Assessment 
157: 211–222.
Sampson SJ, Chick JH, Pegg MA. 2009. Diet overlap among two 
African Journal of Aquatic Science 2016, 41(4): 399–411 411
Asian carp and three native fishes in backwater lakes on the 
Illinois and Mississippi rivers. Biological Invasions 11: 483–496.
Sass GG, Cook TR, Irons KS, McClelland MA, Michaels NN, 
O’Hara TM, Stroub MR. 2010. A mark-recapture population 
estimate for invasive silver carp (Hypophthalmichthys molitrix) 
in the La Grange Reach, Illinois River. Biological Invasions 12: 
433–436.
Soberón J, Peterson AT. 2005. Interpretation of models of 
fundamental ecological niches and species distributional areas. 
Biodiversity Informatics 2: 1–10.
Spataru P, Gophen M. 1985. Feeding behaviour of silver carp 
Hypophthalmichthys molitrix Val. and its impact on the food web 
in Lake Kinneret, Israel. Hydrobiologia 120: 53–61.
Thorp JH, Covich AP. 2001. Ecology and classification of North 
American freshwater invertebrates (2nd edn). San Diego: 
Academic Press.
van Vuuren S, Taylor JC, Gerber A, van Ginkel C. 2006. Easy 
identification of the most common freshwater algae. Pretoria: 
North-West University and Department of Water Affairs and 
Forestry.
Vander Zanden MJ, Rasmussen JB. 2001. Variation in δ15N and 
δ13C trophic fractionation: implications for aquatic food web 
studies. Limnology and Oceanography 46: 2061–2066.
Woodborne S, Huchzermeyer KDA, Govender D, Pienaar DJ, Hall 
G, Myburgh JG, Deacon AR, Venter J et al. 2012. Ecosystem 
change and the Olifants River crocodile mass mortality events. 
Ecosphere 3: 1–17.
Xie P. 1999. Gut contents of silver carp, Hypophthalmichthys 
molitrix, and the disruption of a centric diatom, Cyclotella, on 
passage through the esophagus and intestine. Aquaculture 180: 
295–305.
Zengeya TA, Booth AJ, Bastos ADS, Chimimba CT. 2011. Trophic 
interrelationships between exotic Nile tilapia, Oreochromis 
niloticus and indigenous tilapiine cichlids in a subtropical African 
river system (Limpopo River, South Africa). Environmental 
Biology of Fishes 92: 479–489.
Manuscript received 25 April 2016, revised 29 September 2016, accepted 3 October 2016
Associate Editor: MJ Genner
